This paper summarises the current status of comparative mapping in farm animals. For most of the major farm animal species, a wide range of genomic tools are now available to create highresolution genetic and physical maps of the genome. For many farm animals, the use of radiation hybrid panels and sequence data from expressed sequence tag (EST) projects has accelerated the development of high-resolution comparative maps, with human -the model species for farm animals. These tools and comparative maps are being used to map and identify the genes at the loci for simple and complex traits. The development of detailed physical maps in farm animals based on radiation hybrid panels and bacterial artificial chromosome (BAC) contigs provides a direct link between the 'information-poor' maps of farm animals and the 'information-rich' genomes of human and other model organisms.
INTRODUCTION
Comparative mapping has been a major area of research in recent years, providing a link between the 'gene-rich' maps of human and mouse and the 'gene-poor' maps of farm animals. Comparisons between species are based on the maps of their genomes, usually with reference to the position of protein-coding genes or type I loci. 1 These comparative maps vary in resolution from crude genetic maps to more detailed physical maps based on radiation hybrid panels and, in a few cases, the genome sequence itself. 2 
Nomenclature and definitions
There has been much confusion and misunderstanding over the years over the interpretation of comparative maps. Therefore, it is appropriate to provide some definitions, most of which are based on the HUGO recommendations. 1, 3 The creation of comparative maps is based on establishing similarities or homologies between genomes. These can be at many levels, including DNA and protein sequences, cross-hybridisation between DNA probes, etc. In practice, most homologies are usually based on DNA sequence alignments of genes. Sequence similarities between any two species may be a reflection of a common origin through a speciation event and would represent orthologous sequences. Sequence homologies may also result from gene duplication events, eg gene families, and represent paralogous sequences.
Once orthologous genes or orthologues have been defined, the next step in the creation of a comparative map is to define the conserved chromosomal regions. This is an area of much confusion and is very dependent on the resolution of the gene maps being compared. If two genes are on the same chromosome, they are said to be syntenic, and, if they are also syntenic in another species, they are said to show conserved synteny (CS) between these two species. With more orthologues mapped, it is possible to define conserved segments unordered (CSU), where an uninterrupted group of orthologues shows conserved synteny, without regard to gene order. 4 When even more orthologues are mapped, it is possible to examine conserved segments with conserved gene order (CSO), where an uninterrupted group of three or more orthologues has the same gene order in the two species being compared. 4 To interpret comparative mapping data requires a phylogeny of vertebrates with approximate divergence dates between extant groups, provided by the fossil record. Phylogenies are increasingly being refined using sequence data on mitochondrial and nuclear DNA sequences. In this paper, we assume a simple phylogeny with three main branches that gave rise to birds, rodents and most other mammals, 300, 100 and 65 million years ago, respectively. 5 
Tools for comparative mapping
In the past, comparative maps were mostly based on somatic cell hybrid (SCH) panels, particularly in mammals. SCH panels are available for cattle, pigs and horse; 6 however, this method can only make synteny assignments, and so is of limited resolution. Until recently, gene maps based on genetic linkage mapping have produced the most detailed comparative maps in chicken, cattle and pigs. 1 This approach suffers from the need for genetic mapping populations and polymorphic genetic markers. The resolution depends on the density of markers and the size of the mapping population. In the last five years, physical mapping resources have become readily available for the major farm animal species (eg chicken, pigs and cattle) and allow the rapid isolation of gene-specific cosmid or bacterial artificial chromosome (BAC) clones. 7 In mammals, most chromosomes can be readily distinguished and fluorescent in situ hybridisation (FISH) mapping is therefore a rapid means of gene mapping. For example, FISH mapping of over 400 BAC clones for type I gene markers produced a highresolution comparative map between goat and human. 8 In the chicken, only the eight large macrochromosomes and the Z/W sex chromosomes can be unambiguously identified. 9 The location of genes on the macrochromosomes can be defined at the level of cytogenetic bands when combined with banding techniques. Many authors often define the position as the distance from the telomere on the short arm relative to the length of the whole chromosome (FLpter Mapping genes either on radiation hybrid (RH) panels or BAC contigs promises to be of high resolution, second only to the genome sequence itself. RH maps of cattle and pig are well advanced (Table 1) ; for example, 638 genes have been mapped in cattle with orthologues in human. 12 Parallel RH mapping, the mapping of orthologous genes in two genomes, 13 is an efficient and directed approach for making comparative maps. Unlike the progress in other farm animals, there have been difficulties with the creation of RHs in the chicken, 14 probably due to the preferential retention of the microchromosomes, although, after much work, such a resource is now available. 7 Recently, the use of BAC contig mapping has created highresolution comparative maps for specific regions of the genome. Programmes are underway to create complete BAC maps for the major farm animal species (chicken, cattle and pigs), which will be the next generation maps prior to a genome sequence of these species.
Bioinformatics and statistical analyses
One of the goals of comparative gene mapping is to integrate information from a diverse range of species. 1 In this way, information on orthologous genes can be shared between species -not only map location but also gene function, expression patterns, disease models, etc. Species-specific databases are available for all major farm animal species. 15, 16 To search for gene homologies, a number of tools are available, eg at NCBI BLAST.
17
These can be used to search for sequence homologies and, when combined with mapping data, used to establish orthologies.
Further analysis of comparative maps requires the definition of conserved segments either unordered (CSU) or ordered (CSO). In most cases, this has been done manually, but more objective solutions are possible. Sankoff et al. have developed an algorithm, which allows for some degree of mapping error, to define conserved segments automatically. 18 Until full genome sequences are available, comparative maps are only an estimate of the true number of conserved segments. Various authors have developed models to estimate the true number of conserved segments from the observed data. [19] [20] [21] What is often overlooked is the presence of large confidence intervals in these estimates. With gene maps based on only 100-200 genes, only the largest conserved segments tend to be mapped. 21 Thus, 'large conserved segments' may actually be interrupted by one or more smaller conserved segments. These and other conserved segments will only be revealed with larger numbers of mapped genes, possibly 500 or more. Consequently, low-resolution maps will underestimate the true number of conserved segments and may only provide useful estimates of the number of CS. High-resolution maps may overestimate the number of conserved segments due to misclassification of orthologues with paralogues or mistaken linkage assignments. This is often resolved by restricting the analysis to two or more genes showing conserved synteny, although this approach may miss the small conserved segments.
Once the number and location of conserved segments have been defined, it is then possible to define chromosomal breakpoints between any two species. The number of conserved syntenies between any two species is the sum of the number of inter-chromosomal breaks and the ancestral number of chromosomes. 21 If the total number of chromosomal breaks was known, then the number of inter-chromosomal breaks can be obtained by subtraction. The problem is that the total number is always an underestimate, so the number of interchromosomal breaks will be 21, 22 and the breakpoint itself can be cloned and characterised.
STATUS OF RESOURCES AND GENE MAPS
The key resources for comparative mapping are: expressed sequence tags or ESTs (a source of gene markers and sequence homologies), genetic and physical markers, genome maps (genetic and physical) and databases providing summaries of genome data for each farm animal. 1 Table 2 summarises the current status of EST programmes in the major farm animal species, the largest being the chicken with almost 350,000 ESTs. Table 3 summarises the current status of the genetic and physical maps of chicken, cattle, pigs and other species. Most farm animals now have genetic maps of more than 2,000 markers. In some cases, primers and probes in one species can be used to map genes in another, closely related species. This has worked well between ruminants, 8, 28 where most resources have been developed in cattle. The use of RH panels in cattle and pigs has provided the means to create genedense maps of these species. In contrast, it has been very difficult to create such a resource for the chicken, although, after much work, such a resource is now available. 7 
COMPARATIVE MAPS
Zoo-FISH studies provided a rapid means to define the largest conserved segments between two genomes but lacked resolution. 4 This approach has been used on studies within mammals 10 and birds. 11, 29 Zoo-FISH with a human chromosome 4 'paint' onto chicken chromosome 4 was a surprise 30 and indicated a high degree of conservation of synteny. This has been confirmed by more detailed genetic and physical mapping on chicken chromosomes.
9 At the sequence level, a 90.5 megabase (Mb) region on human chromosome 4 is also highly conserved in gene content and gene order with the mouse. 2 These results suggest that the evolutionary conservation of this segment may have some functional significance.
The evolution of mammalian and avian sex chromosomes has been revolutionised using comparative mapping tools. or avian groups has revealed the pathways of sex chromosome evolutionparticularly the path that led to the degradation of the mammalian Y or avian W chromosomes. The comparative maps show the independent evolution of the avian and mammalian sex chromosomes from a different pair of autosomes in a primitive reptile. 9, 31, 32 In the chicken, homologues of the mammalian sex chromosomes map to chromosomes 1 and 4. In human, homologues of the chicken sex chromosomes map to chromosomes 5, 9 and 18.
The resolution of comparative maps between human and farm animals varies widely and at an order of magnitude less than that between human and mouse (Table 4 ). For the human-mouse comparison, the problems associated with singletons (n ¼ 141, see ref.
2) are recognised in the estimates of CS, CSU and CSO (Table 4) . For farm animals with only 200-600 genes mapped, the key problem is missing the small conserved regions, so all the farm animal estimates in Table 4 include the singletons. The low-resolution maps of the horse map can only provide a minimum number of 38 conserved syntenies with human. The maps of cattle, sheep and goat are likely to be very similar with at least 149 CSO, as found for the cow-human comparison. The number of CSO is similar for the pighuman comparison, if not lower. The mouse-human comparisons reveal a larger number of CSO, probably reflecting an older common ancestor with humans (100 million years) when compared with artiodactyls (65 million years). What is surprising is the similar number of CSO found between chickenhuman and mouse-human comparisons. The early low-resolution comparative maps suggested a low rate of chromosomal evolution 8, 10, 22 in carnivores (ten to 20 rearrangements) and an intermediate level in ruminants (20-30 rearrangements), far less than that observed between mouse and human (170-210 rearrangements). Recent highresolution maps based on RH panels suggest that these estimates were underestimated by at least a factor of two. 4, 8, 12 For example, comparative mapping between human chromosome 17 and cattle chromosome 19 shows complete conservation of synteny using Zoo-FISH approaches, 10 but parallel RH mapping revealed three evolutionary breakpoints. 13 This is not surprising since, unless large numbers of genes (500 or more) are mapped to high resolution, the order of genes cannot be compared. Without this gene order information, it is difficult to define internal chromosomal rearrangements. For the human-cattle comparison, this doubles the number of chromosome rearrangements. 12 In chicken, the gene orders on human chromosome 15 and chicken chromosome 10, based on overlapping BAC clones, reveal complex inter-and 
EXPLOITATION OF GENOME SEQUENCES OF MODEL ORGANISMS -HUMAN BEING A MODEL FOR FARM ANIMAL SPECIES
Comparative maps based on genome sequences are/and will be available for human 2 and model organisms (mouse, zebrafish, fugu, etc). China and Denmark have formed a consortium to sequence the pig genome using a 'shot-gun' approach. 41 There is increasing interest in sequencing the chicken both as an agriculturally important species and as an anchor species for the studies on the evolution of vertebrate genomes and developmental mechanisms. 42 The prospects for complete genome sequences for the other farm animals are less likely, at least for five years. Plans and projects to build physical maps (RH maps and BAC contigs) 7,9,12 of the major farm animals (chicken, cattle and pigs) are well advanced and should be complete within the next two years. Together with the extensive EST collections being assembled for these species, 7 the prospects for comparative gene maps based directly on physical distances are very good. 43 Two recent examples identified the gene defects at the porcine RN locus 44, 45 and the ovine callipyge locus, 46 ,47 based on comparative analysis of BAC contigs and the human transcript map. Comparative mapping and detailed sequence analysis of a 250 Mb region at the ovine callipyge locus 47 defined the location of imprinted genes preferentially expressed in skeletal muscle (for more details, see discussion on practical applications below). To exploit these resources and the information locked within the genome sequences of model organisms (with the human genome being a key model for farm animals) will require strategies to link orthologous sequences. High-density gene maps in farm animals based on sequence-tagged site (STS) content mapping using information from the EST programmes to design primer sequences for polymerase chain reaction is one approach being pursued. 7 Another uses direct sequencing approaches and searches for sequence homology to draw orthologous links between maps and sequences. 40 Sequence sampling is a simple approach that can define quickly and cheaply the gene content of specific genomic clones, but which usually does not determine gene order within, for example, a BAC clone. The availability of BAC contigs anchored to detailed genetic maps will allow investigators to target specific locations, such as a QTL. It is likely that a one-fold coverage of such sequences will be determined to find all gene homologies and gene orders within the region of interest.
PRACTICAL APPLICATIONS
Comparative mapping has been an important tool for gene prediction and the analysis of simple and complex traits in farm animals, 43 and the evolution of the vertebrate genomes.
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Prediction of gene location
One of the earliest applications of comparative gene mapping was to predict the location of specific genes in a 'genepoor' map of one species from the 'generich' map of another species. 1 Comparative mapping has been an important tool for the investigation of cattle, sheep and goat genomes. These species had a common ancestor less than 50 million years ago and many type I and type II markers can be interchanged. For example, in a recent genetic linkage map of the sheep 28 of over 1,000 markers, 572 and 209 were common to cattle and goat Genome sequences maps, respectively. These are sufficient to predict with great accuracy (less than 2 per cent error) the location of genes in either species by comparative mapping. In recent years, this approach has been combined with the collection of large numbers of gene tags within EST programmes. COMPASS or 'comparative mapping by annotation and sequence similarity' is such an approach. COMPASS uses homologous DNA sequences (eg ESTs) to search for sequence similarity and putative orthologues in the genome of another species (eg human), and then predicts the chromosome location on the basis of existing comparative maps. This has been pioneered in the creation of highresolution comparative maps between cattle and human. 12 
High-resolution genetic and physical mapping
A common use of comparative maps is to predict the gene content of a specific chromosomal segment to target the development of new genetic or physical markers, usually based on available EST sequences. These markers can then be used to create high-resolution genetic maps at specific QTLs or new STS markers for BAC contig building. A recent example of this approach was the building of BAC contigs and highresolution comparative maps between human chromosome 15 and chicken chromosome 10.
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Candidate genes for simple and complex traits
Comparative maps can also identify orthologous regions between farm animals and human/mouse disease loci. 1, 43 These can be used to define candidate genes for both simple and complex traits. Comparative mapping between human and the chicken sex chromosomes 31, 32 identified extensive homology with human chromosome 9. Previous work had identified male fertility defects on human chromosome 9 that colocalised with the sex differentiation factor, DMRT1. Further work mapped this gene to the chicken Z, sex chromosome, and demonstrated a potential regulatory role for this gene in sex determination in birds. 32 The identification of a missense mutation in the PRKAG3 gene at the RN locus, a defect in glycogen synthesis in white skeletal muscle in pigs, was the first successful positional cloning of a trait gene in farm animals. 44, 45 Another success was the fine mapping of the callipyge locus (CLPG) in sheep. 46, 47 The callipyge phenotype is subject to a unique parentof-origin effect, referred to as 'polar overdominance', in which only heterozygous individuals, having inherited the CLPG mutation from their sire, express the muscular hypertrophy. Comparative mapping and detailed sequence analysis of a 250 Mb region in sheep defined the location of six imprinted genes preferentially expressed in skeletal muscle. This result is particularly relevant to the polar overdominance underlying the control of the muscular hypertrophy found in the callipyge phenotype. These projects clearly illustrate how the knowledge of the human genome can be exploited in positional cloning projects in farm animals.
Large numbers of QTLs are currently being defined in large farm animal experiments for a wide range of traits (growth, carcass composition, reproductive, disease resistance, etc) in ruminants, pigs and chickens. 43 For example, at least 14 QTLs have been mapped containing at least one or more genes that confer genetic resistance to Marek's disease in chickens. Through the integration of high-resolution QTL mapping, comparative mapping and gene expression data, seven candidate genes were identified mapping to these QTLs for Marek's resistance. 48 Through comparative mapping, it is possible to predict the human location of previously identified genes or QTLs from these farm animal studies. 8 Thus, farm animal genetics can contribute to our 
Genome evolution
The final application is the study of chromosome evolution. This is an area in which comparative mapping between vertebrates, including farm animals, has provided insights into the nature of genome evolution in birds and mammals. A major finding is the high degree of conservation seen between these genomes. 3, 5, 22 This was expected within the mammalian species (human, cattle and pigs) but not with chickens. This result reflected the low rate of interchromosomal rearrangement amongst these species. 22 Comparative maps between two species can only reveal the total number of chromosomal rearrangements between these species. To examine lineage-specific differences comparisons between three species need to be used. 21, 22 Such comparisons reveal a wide range in the rates of chromosome evolution, the highest being in the lineages that gave rise to rodents and the lowest in birds and some primates, including human.
CONCLUSIONS
The creation of comparative maps of farm animals has progressed rapidly in the past five years. For many farm animals, the use of RH panels and sequence data from EST projects have accelerated the development of high-resolution comparative maps with humans -the model species for farm animals. Plans are in progress to create physical maps of most of the major farm animal species (chicken, cattle and pigs) as a prelude to the determination of the genome sequence of these organisms. It can be predicted therefore that within the next five years comparative maps based on the genome sequences of human, mouse, cow, pig and chicken will be available. This will mark the end of comparative maps as a simple tool to predict gene location. This will be replaced by comparative genomics as a tool to predict gene function in farm animals, based on a shared evolutionary history with human and other model organisms.
